Programmed death ligand 1 (PD L1) expression can reduce the immune response in both infectious diseases and cancers. We thus examined PD L1 expression in cervical intraepithelial neoplasias (CINs) and cancers since they each reflect infection by human papillomavirus (HPV). PD L1 protein was not evident by immunohistochemistry in histologically normal cervical epithelia (0/55) even when adjacent to CIN or cancer. PD L1 expression was much increased in CINs (20/21 = 95%) and cervical squamous cell cancer (56/70 = 80%) and localized to the dysplastic/neoplastic squamous cells and mononuclear cells, respectively. There was also a significant increase (each Po0.001) in PD L1 detection in mononuclear cells when comparing cervical squamous cell cancers to endometrial (22/115 = 19%) and ovarian adenocarcinomas (5/40 = 13%). Co-expression analyses showed that the primary inflammatory cell that contained PD L1 was the CD8+ lymphocyte that strongly concentrated around the dysplastic CIN cells and nests of invasive squamous cancer cells. These data show that PD L1 is a solid biomarker of productive HPV infection of the cervix and that it is significantly upregulated in both the carcinoma and surrounding inflammatory cells in cervical cancer when compared with other gynecologic malignancies. This suggests that anti-PD L1 therapy may have a role in the treatment of cervical cancer.
Infection by human papillomavirus is the cause of cervical intraepithelial neoplasia (CIN). [1] [2] [3] [4] [5] Viral infection is initiated in the transformation zone of the cervix due to the presence of the target squamous metaplastic cell. [5] [6] [7] The histologic correlates of early productive infection include disorganized squamous cell hyperplasia and the koilocyte, which is a cell toward the surface of the lesion that shows a large, well defined perinuclear halo and nuclear atypia. [1] [2] [3] [4] [5] The koilocyte typically has hundreds of copies of HPV DNA/RNA and is the source of infectious virions that can then be sexually transmitted. [1] [2] [3] [4] [5] [6] [7] High grade CIN, which show a more disorganized hyperplasia and fewer koilocytes compared to CIN 1, contains on average much less HPV DNA per dysplastic cell and may presage cervical cancer. [1] [2] [3] [4] [5] [6] [7] HPV DNA typically is integrated in cervical cancers, which is associated with disruption of the E2 ORF, expression of the oncoproteins E6 and E7, and loss of the late capsid proteins. [1] [2] [3] [4] [5] [6] [7] [8] It is documented that if untreated about one-half of CIN 1 lesions (mild dysplasia) regress. [1] [2] [3] [4] [5] It has been shown that in the majority of CIN 1 lesions that spontaneously regress the viral DNA is no longer detectable by highly sensitive techniques, suggesting immune mediated viral clearance. 9, 10 Such spontaneously regressing lesions do contain higher numbers of CD8 T cells compared with the persistent lesions. 11 Also, after cryo or thermal ablation of a CIN lesion,~85% of post treatment cervices will be negative for the HPV type that caused the infection. In the cases of recurrent CIN after ablation, the second CIN lesion invariably contains a different HPV type than the primary lesion again suggesting that immune clearance of HPV is both efficient and type specific. 12 This is the basis of the highly effective HPV vaccines that are directed against the L1 proteins of the most common genital HPV types. 13, 14 Programmed death ligand 1 (PD L1) is a protein that is capable of strongly modulating the adaptive arm of the immune system. 15, 16 PD L1 can bind to its ligands that include PD 1 and CD80 that, in turn, can reduce both the proliferation and activity of the cytotoxic CD8 T cells response to both viral or cancer associated antigens. 15, 16 Increased PD L1 expression may allow viruses to avoid immune surveillance. 17 Recently, two groups showed that therapy directed against PD L1 can cause a strong anti-tumor response in a wide variety of metastastic cancers. These manuscripts also documented that cancers that did respond to the anti-PD L1 therapy showed a strong CD8 T-cell presence in the untreated tumor with concomitant high PD L1 expression as seen by immunohistochemistry. 15, 16 The purpose of this manuscript was to compare the expression of PD L1 in the normal cervix, CIN 1-2, cervical cancer (and other gynecologic cancers including endometrial and ovarian carcinoma), and to correlate this with the concomitant immune response.
Materials and methods

Patient Selection
Paraffin embedded, formalin fixed de-identified biopsies were available from the files of Phylogeny (Powell, Ohio) and Enzo Clinical Laboratory (Farmingdale, NY). Available clinical information included the histology diagnosis, Pap smear report, prior cervical pathology, and HPV history. The pathologic diagnosis was confirmed by GJN. We examined a total of 301 biopsies for PD L1 expression that included 55 normal cervical biopsies, 21 CIN1-2 lesions, 70 squamous cell carcinomas of the cervix, 40 ovarian adenocarinomas (all serous cystadenocarcinomas), and 115 endometrial adenocarcinomas FIGO 1 (21cases), FIGO 2 (84 cases), and FIGO 3 (10 cases). The cervical biopsies ranged from 5 mm to 2 cm. Ten of the 55 normal cervical tissues were from women without evidence of HPV infection on histologic exam who had cervical biopsies for atypical Pap smears, usually ASCUS, that were positive for HPV by Hybrid Capture 2 (Digene, Gaithersburg, MD). It should be stressed that each of these 10 biopsies was considered 'equivocal for dysplasia' and was sent for a second opinion review. The 'negative for CIN' final diagnosis was based on the histologic review and negative HPV in situ hybridization result. The remaining 45 normal cervical tissues were adjacent to either CIN 1-2 (8 cases) or cervical cancer (37 cases).
In Situ Hybridization
HPV in situ hybridization was done on each of the negative for CIN tissues and CIN lesions using a previously published protocol. 18, 19 The presence of HPV was determined using the PathoGene Alkaline Phosphatase NBT/BCIP human papillomavirus in situ typing assay for tissue sections (Enzo Life Sciences, Farmingdale, NY).
Immunohistochemistry
Our immunohistochemistry protocol has been previously published. 18, 19 In brief, after using a standard optimization protocol, that included positive controls known to have the target of interest, we tested each tissue for CD8 (Ventana Medical System), PD L1 and PD1 (each from ABCAM). Selected cases that showed strong PD L1 expression and that had sufficient remaining tissue were also tested for CD3, CD68, CD45, CD 117, Ki67, CD45RO, and CD20 (each from Ventana Medical System) as well as RANTES and granyzme B (Enzo Life Sciences). All immunohistochemistry was done using the automated Bond Max system (Leica Biosystems).
Co-Expression Analysis
Co-expression analyses were done using the Nuance system (CRI) as previously published. 19 In brief, a given tissue was tested for two different antigens using fast red as the chromogen for one target followed by immunohistochemistry using DAB (brown) as the second chromogen with hematoxylin as the counterstain. The results were then analyzed by the Nuance and InForm systems in which each chromogenic signal is separated and converted to a fluorescence based signal, then mixed to determine what percentage of cells were expressing the two proteins of interest.
Cell Culture
Our cell culture protocol has been previously published. 19 We grew SiHa (1 HPV DNA copy/cell), HeLa (20 HPV DNA copies/cell), and Caski (hundreds of HPV DNA copies/cell) in DMEM media until 75% confluent, then fixed the cells in 10% buffered formalin overnight, washed the cells several times, then processed them for immunohistochemistry and in situ hybridization analyses.
Statistical Analysis
The Pearson's χ 2 test was done using the InStat Software for Windows (version 3.36) testing the null hypothesis that the probability of the expression of PD L1 in one histologic category (precancer or cancer) was equivalent to the probability in a separate group. The 2 × 2 table analysis used the continuity correction and the null hypothesis was rejected if the significance level at 1 d.f. was below 1%.
Results
Histologic and Viral Characterization of the Lesions
Serial sections were prepared from each block and the initial histologic diagnosis was confirmed from the hematoxylin and eosin stained recut. None of the 55 cervical tissues deemed negative for CIN showed a signal with any HPV probe. Each of the 21 CIN lesions was positive for HPV DNA and all showed a strong signal indicative of high viral copy number. 
PD L1 Expression
Positive controls for PD L1 expression by immunohistochemistry including several melanomas known to show high expression of this protein and negative controls included omission of the primary antibody in positive cases. The controls gave the expected results. Immunohistochemistry was then done on each of the 301 tissues for PD L1. As the positive controls showed that the PD L1 signal could be found in both the cancer and mononuclear cells, which has been reported by others, 15, 16 we decided to separately score both the epithelial and inflammatory cell compartments for signal. Each tissue was given a score of either 0, 1+ (from 1 to 9% of the target cells +), 2+ (from 10 to 33% of the target cells +) or 3+ (433% of the target cells +). It should be stressed that only tissues that were scored as 2+ or 3+ were considered positive so as to highlight cases in which there was abundant PD L1 protein production.
Each of the 18 histologically negative for CIN cervices, which included 8 tissues adjacent to CIN 1-2 lesions were negative for PD L1 in both the squamous cell and mononuclear cell components. Similarly, none of the cervical epithelial tissue (squamous or glandular cell) showed a signal for PD L1 in the 37 histologically normal cervical tissues that were adjacent to cervical squamous cell cancer. Scattered mononuclear cells were positive for PD L1 in the normal cervical tissues that were adjacent to the squamous cell cancers but only in 3/37 cases (8%).
Thus, we established that PD L1 was not expressed in either the epithelial or mononuclear compartments in histologically negative for CIN tissues from women who were positive for HPV by hybrid capture even if a CIN 1-2 lesion was present in a different part of the cervix. Similarly, PD L1 was not evident in the normal cervical epithelia adjacent to cervical cancer. We then compared this data to that found in CIN 1-2 lesions. This data is presented in Table 1 . Note that high PD L1 expression was found in 20/21 (95%) of the dysplastic epithelial cells of CIN 1-2 lesions. PD L1 was scored as 2-3+ in the mononuclear cells in 13/21 (61%) of the CIN 1-2 lesions. Both values were highly significant when compared with the histologically negative for CIN squamous tissue (P o 0.001). Figure 2 shows a representative example of PD L1 expression in a CIN 1 lesion. Note that PD L1 was typically found toward the basal zone of the CIN lesion and that most of the mononuclear cells expressing PD L1 were near the interface of the basal epithelia of the CIN lesion and stroma. In comparison, HPV DNA is typically most abundant in the upper layers of a CIN 1-2 lesion. Thus, coexpression of HPV DNA and PD L1 showed that these two targets were in the same areas, but in different cell types ( Figure 2) .
We next compared the expression of PD L1 in the three most common gynecologic malignancies: cervical (squamous cell), endometrial adenocarcinoma, and ovarian serous cystadenocarcinoma. This data are likewise presented in Table 1 . Note that the expression of PD L1 in both the malignant epithelial and mononuclear cell component was markedly and significantly greater in the squamous cell cervical cancers when compared with the endometrial and ovarian carcinomas (P-values all o 0.001). Representative data in presented in Figure 3 . Note that the strong PD L1 expression in cervical cancers was often found in the epithelial and mononuclear cells at the invading front of the tumor.
Several differences were noted when comparing the PD L1 expression of CIN 1-2 lesions and cervical squamous cell carcinoma. In the abnormal squamous cells, the percentage of cases with high PD L1 expression was less in the squamous cell cancers (51%) compared with the CIN 1-2 lesions (95%). However, the mononuclear compartment of CIN 1-2 lesions showed a smaller percentage of PD L1 positive cases (61%) compared with the same compartment in squamous cell cancers (80%). Another difference was that many mononuclear cells that expressed PD L1 were seen in the nests of invasive squamous cells. However, PD L1 positive mononuclear cells were rarely evident in the epithelial layer of CIN 1-2 (Figures 1 and 2) . Further, the number of CD8+ cells around the HPV infected squamous cells tended to be much higher for cervical cancers than for CIN 1-2 lesions (Figures 1 and 2) .
It was thus evident that PD L1 expression was much increased in the HPV infected tissues of the cervix, including CINs and invasive squamous cell cancers, compared with both normal cervical tissues and other gynecologic carcinomas. We then addressed the overall immunophenotypic response in the areas of PD L1 positivity in the squamous cell cancers of the cervix. This was done by analyzing serial sections for CD3, CD8, CD20, CD45, CD45RO, CD 117, and CD68 and then doing co-expression analysis as indicated. It was clear from this data that the immune cell type that dominated in the PD L1 positive areas was the CD8+ cytotoxic T-cell (Figure 4 ). The CD8+ cell was also the most common mononuclear cell to infiltrate the nests of squamous cell cancer. Also note the strong representation of B cells, macrophages, and natural killer (NK) cells in these areas. Given that CD8 and its potential inhibitors, PD L1, were each dominant in both CINs and cervical cancers, the next issue we assessed was the activity of the CD8 cells. In this regard we studied serial sections for RANTES, granzyme B, and Ki67 expression; the latter was shown to be an indicator of activated CD8 cells in a recent study. 16 We noted that only a small proportion of the CD8 cells in a given area of a cervical cancer expressed RANTES, granzyme B, or were Ki67 positive (Figure 4) suggesting that most of the CD8 cells were in a relatively quiescent state that may be due to the high colocalization with PD L1.
As a primary activator of PD L1 is the protein PD 1, we examined the cervical tissues for PD 1 expression by immunohistochemistry. PD 1 expression indeed closely mirrored PD L1 production in both the CINs and cervical cancers (data not shown) and was rarely noted in the negative for HPV parts of the cervical tissues. The next question we addressed was, which mononuclear cell(s) were expressing PD L1 in the cervical lesions? Co-expression analysis in the cervical cancers showed that the majority of the PD L1 mononuclear stromal cells were CD8 cells with a smaller proportion being CD68 cells (data not shown). Indeed, basically all of the PD L1 expressing mononuclear cells seen infiltrating the nests of squamous cell cancers were CD8+ (data not shown). Although CIN 1-2 lesions tend to have more viral DNA per cell than cervical squamous cell cancers, the HPV copy number tends to be very variable in a given lesion. 4, 5 Thus, it can be difficult to correlate the HPV DNA copy number with PD L1 expression. In this regard, we compared the expression of PD L1 in three cervical cancer cell lines with constant and very disparate HPV DNA copy numbers in a blinded fashion. When unblinded to the cell type, it was evident that the Caski cells (about 600 HPV DNA/ cell), HeLa cells (20 copies HPV DNA/cell), and the SiHa cells (1 HPV DNA/cell) each contained equivalent amounts of PD L1 (data not shown).
Discussion
The primary finding of this study is that histologically evident infection by human papillomavirus in the cervix was strongly associated with PD L1/PD 1 expression that was found in both the dysplastic/ neoplastic squamous cells and adjoining CD8 mononuclear cells. The baseline expression of PD L1/PD 1 was extremely low even in histologically 'negative for CIN' cervical epithelia from women with HPV infection suggesting that productive viral infection was necessary to induce PD L1 expression. CINs and cervical cancer epithelia each show abundant early ORF HPV expression but only the former shows high L1/L2 expression. [1] [2] [3] [4] [5] 7, 8 Thus, one can speculate that certain viral early ORFs may be driving the PD L1 expression that will require additional investigation. Consistent with this observation was that coexpression analysis showed that PD L1 in the CINs was found toward the basal layer, where E6 and E7 RNAs are relatively abundant, and not in the koilocytes, where other early ORFs and L1/L2 RNAs dominate. 7 HPV high risk E6 and E7 RNA are abundant in squamous cell cancer of the cervix. 8 The equivalent detection of PD L1 in Caski and SiHa cells does suggest that viral DNA levels are not inducing PD L1 levels. These two cell lines, however, do show equivalent HPV E6/E7 expression. 4 The finding that only cervical cancer, and not endometrial or ovarian carcinoma, was strongly associated with PD L1 expression is consistent with the hypothesis that HPV infection may enhance PD L1 production.
The PD L1 positive mononuclear cells were invariably present in the same histologic area as the dysplastic/neoplastic squamous cells also making this protein. Serial section and co-expression analysis showed that most of the mononuclear cells that were making PD L1 were CD8 cells. It has been documented by other researchers that CD8 cells are the dominant lymphocytic cell type in cervical carcinoma 20 and that CD8 cells may have a role in viral clearance in regressing CINs. 11 Our results are consistent with a key role of CD8 cytotoxic cells in cervical precancer/cancer and suggest that the CD8 activity may be reduced due to the high expression of PD L1. Indeed, we noted that a relatively low percentage of the CD8 cells evident in the CIN lesions and the cervical squamous cell carcinomas were activated, based on low Ki67 indexes, and low coexpression of RANTES plus granzyme B. Our result that T cells are the primary source of PD L1 in high risk HPV infection is consistent with the study of Yang et al 21 although they studied exfoliated cervical cells compared with the formalin fixed paraffin embedded tissues employed in this study.
Recently, Herbst et al demonstrated that paralleled increase expression of CD8 and PD L1 was evident in a variety of stage IV carcinomas, including lung, colorectal, and renal cell. They noted elevated PD L1 expression in mononuclear cells coincident with increased expression of the protein by cancer cells in about 1/3 of such cases. Importantly, they found that increased CD8/PD L1 expression predicted response to anti-PD L1 therapy. 15 Tumeh et al arrived at similar conclusions in metastatic melanomas. 16 Our results demonstrate that cervical cancers show a much higher percentage of cases with increased PD L1 and CD8 production than the tumors included in these two studies, 15, 16 even using a twofold higher threshold and, thus, may be especially amenable to anti-PD L1 therapy, which will require additional investigation. Further, the much higher degree of expression of PD L1 in the cervical cancers compared to the tumors studied by Herbst et al and Tumeh et al is consistent with the theory that it is the virus HPV as well as the cancer associated foreign antigens that may be driving the PD L1/PD 1/CD8 axis. This, in turn, suggests that oncolytic virus therapy directed against cancers may likewise augment the PD L1/CD8 axis and make the tumors more accessible to anti-PD L1 therapy.
Karim et al studied 115 cervical cancers and found that PD L1 was detected in 19% of cancers and noted that PD L1 and Treg co-infiltration was associated with improved survival. 22 The study 22 analyzed PD L1 expression only on tumor cells. Our study and others suggest that tumor infiltrating CD8 cells may be the primary source of PD L1 in cancers 15, 16 including cervical cancer. Still, our data and that of Karim et al underscore the presence and importance of checkpoint inhibitors such as PD L1 and Tregs in the biology of cervical cancer.
Histologic diagnosis of CIN is not straightforward. Many investigators have indicated that re-examination of CINs can show false negative and, more commonly, false positive readings of over 25%. 23 As cervical HPV infection is a sexually transmitted disease, the emotional implications of a false positive diagnosis to the woman may be severe. Thus, there has been a concerted effort to find biomarkers that can differentiate HPV infection of the cervix from its mimics that include p16, MIB-1, HPV L1/L2, and others. [1] [2] [3] [4] [5] The results in this study suggest that PD L1 expression may be able to differentiate productive HPV infection, which typically is treated with ablative therapy, from its mimics, which do not require therapy. Clearly, this hypothesis will require much larger studies as the focus of this paper was PD L1 expression in a wide variety of gynecologic lesions and cancers, not just CIN.
It is well established that HPV infection of the cervix can spontaneously regress. [1] [2] [3] [4] [5] 9, 10 Most of these studies are based on the detection of HPV DNA by the ultra-sensitive hybrid capture method or viral DNA by polymerase chain reaction (PCR) plus cytologic abnormalities on the Pap smear. As Hybrid Capture or PCR cannot differentiate between latent and productive HPV infection, it is not clear what percentage of productive infections (that is, classic histologically defined CINs) actually regress. Regardless, it is clear that in about 50% of cases of HPV positivity by a solution phase highly sensitive method and an abnormal Pap smear the HPV type will no longer be detected within 6-12 months. 9, 10 In addition, it has been shown that ablation of a CIN lesion leads to the elimination of the specific HPV type responsible for the lesion in~85% of cases and that, if the lesion does recur, it will be due to a different HPV type. 12 Clearly, this data suggests an effective HPV type specific immune clearance mechanism in the cervix,which is the basis of the highly effective vaccines against HPVs 6, 11, 16, and 18. 13,14 Our study did not address the issue of regressing CINs. However, the strong correlation of PD L1 and CIN lesions does raise the possibility that this protein may have a role in the spontaneous clearance of HPV infections.
In sum, this study shows that infection by the common sexually transmitted DNA virus HPV is strongly associated with PD L1 expression that is found in the dysplastic squamous cells, typically toward the base of the CIN, as well as in the malignant squamous cells of cervical cancer, and that this is strongly associated with possible 'crosstalk' production of PD L1 in the CD8 cells that are recruited to the area of viral infection. The mechanism of PD L1 upregulation by the viral infection will require further study. Possible mechanism would include direct HPV RNA inducement of PD L1, HPV dysregulation of microRNA expression patterns 24 that can, in turn, affect PD L1 production, and more general signals of viral infection such as, for example, production of interferon gamma. Regardless of the mechanism, the possible significance of these findings, which need to be addressed include using PD L1 as a biomarker of productive HPV infection and directing treatment against PD L1 to eradicate HPV infection and the associated lesion, especially in women with squamous cell cervical cancer.
